Spectral Analysis
The ECG was recorded continuously for a 20-minute period from lead II and digitized on-line at 1000 Hz using a 386/25 IBM-compatible PC and a data-acquisition package, CVMS (McPherson Scientific, Australia), incorporating a 12-bit analog-to-digital converter (CIO-AD16-Jr, Computer Boards Inc). The data-acquisition system included a variable-threshold peak-detection technique from which the RR interval was determined. Data segments of 128-second duration were sampled at 2 Hz to create 256-point data sets. For each 20-minute recording, 15 data sets of 256 points overlapping by half were processed. The linear trend was removed from each data set to avoid its contribution to low-frequency power, and a Hanning window in the time domain was used to attenuate "spectral leakage." Spectral analysis was performed using a direct fast Fourier transform. The frequency resolution was 0.0078 Hz, and the highest frequency evaluated was 0.5 Hz. The spectra obtained for different data sets were averaged to reduce variance and to sharpen reproducible spectral peaks. Power was calculated in the band range of 0.07 to 0.14 Hz (0.1 Hz or low-frequency power) and 0.14 to 0.5 Hz (respiratory frequency). Power in these bands may be expressed in either absolute units or as a percentage of total power (normalized power). We have chosen to use absolute low-frequency power values but also present total power measurements where relevant so that normalized power can be calculated.
Cardiac NE Spillover
The cardiac NE spillover rate, a biochemical index of the global sympathetic nerve firing rate in the heart (rather than just the sinoatrial node), was measured using the radiotracer method developed in our laboratory. 13 HRV was reduced to very low levels in all patients with PAF, and no heart rate oscillations were evident at 0.1 Hz (Fig 2) . The patient with D,3H-deficiency had a supranormal MSNA of 38 bursts per minute (compared with a normal value of 23+2 bursts per minute in young subjects) but low total body NE spillover (38 ng/min; age-matched healthy subjects, 523+±52 ng/min (Fig 3) .
Cardiac Transplantation
Early after transplantation (<18 months), patients exhibited both very low cardiac NE spillover (1.9±3.1 versus 23±3 ng/min, P<.05) and low HRV compared with healthy subjects (total power, 29+11 versus 1673+±516 ms2, P<.05). Spectral profiles also lacked the characteristic 0.1-Hz and respiratory-related peaks present in healthy individuals (Fig 2) . Cardiac NE spillover had returned to near-normal levels (17.8±1.9 ng/min) in the patients studied more than 2 years after transplantation. Total HRV, however, was still markedly reduced with a total power of (70±30 ms2).
Models of Sympathetic Activation Cardiac Failure
In patients with cardiac failure, the rate of spillover of NE from the heart was two to three times the value found in age-matched healthy controls (59±14 versus 18+3 ng/min, P<.05). In contrast, the total power of the heart rate spectrum was reduced to one third of normal in patients with heart failure, with the 0.1-Hz power being reduced from 243+44 to 49+17 ms2 (P<.05, Fig 4) .
Aging
Compared with young healthy subjects aged 18 to 35 years, older subjects aged 60 to 75 years had an elevated cardiac NE spillover rate (14.3±2.5 versus 20.1±3.0 ng/min, P<.05) and MSNA (22.9±1.9 versus 31.3±5.8 bursts per minute). Total HRV in the older group was reduced by 89%, and power at the 0.1-Hz low-frequency band was similarly reduced by 93% (P<.05).
Relation Between Heart Rate Spectral Analysis Measurements and Cardiac NE Spillover at Rest in Healthy Subjects
In 16 healthy subjects aged 18 to 75 years (mean, 30±4 years) in whom measurements were made simultaneously, there was no significant correlation between 0.1 Hz power expressed in either absolute units or normalized for total power and the rate of NE spillover from the heart to plasma (Fig 5) . There was, however, a significant correlation between MSNA and cardiac NE spillover (linear correlation coefficient, .57). Discussion HRV is a useful new tool in neurophysiological research that has been used to provide insight into the autonomic regulation of the heart. Recent studies have used 0.1 Hz power as a surrogate measure of sympa- spillover indicated that the cardiac sympathetic nerve firing rate was high, whereas the HRV results show that this elevation in sympathetic activity was not well translated into a functional response.
These considerations indicate that 0.1-Hz power is not directly related to cardiac NE spillover rate, particularly in situations where there are differences in electrochemical coupling, receptor sensitivity, postsynaptic signal transduction, neural reflexes, and parasympathetic function. Spectral analysis of HRV thus complements existing techniques through incorporating different aspects of the neuroeffector mechanism not assessed by microneurography or NE spillover measurements. The combination of the cardiac NE spillover technique and HRV will allow a more comprehensive assessment of both neuronal and postsynaptic aspects of the cardiac neuroeffector response.
